We used gas chromatography-tandem mass spectrometry to analyze microbial components in 85 samples of airborne dust from schools in Jordan, Sweden, and Poland. To collect the samples, we allowed dust to settle on plexiglass plates hanging in the breathing zone in school buildings during both summer and winter. In each of the three countries, we conducted such sampling in two schools: one in an urban environment and the other in rural surroundings. The microbial marker profiles differed significantly between the schools and seasons. For example, samples from Jordan contained remarkably low levels of ergosterol (marker of fungal biomass) and high levels of 3-hydroxy acids (markers of lipopolysaccharide) of 10, 12, and 14 carbon chain lengths relative to such acids of 16 and 18 carbons in comparison with samples from Sweden and Poland. This dissimilarity in 3-hydroxy fatty acid distribution indicates significant differences in the populations of Gram-negative bacteria. We also noted that muramic acid (marker of bacterial biomass) exhibited the smallest variation between schools and seasons. In summary, our results demonstrate that exposure to microorganisms in indoor air in school buildings may differ markedly between countries, between seasons, and between urban and rural environments.
Introduction
We do not yet fully understand how humans are affected by exposure to microorganisms in different environments. In many areas of the world, people spend 80% or more of their time indoors; therefore, the microbial populations that exist inside buildings may have the greatest impact on human wellbeing. Various health problems, including respiratory symptoms and diseases, are known to be associated with microbially contaminated indoor air and can arise, for example, through inhalation of airborne fungal spores. Molds produce a range of mycotoxins (fungal secondary metabolites), some of which are among the most potent (e.g., toxic and carcinogenic) substances known (Haverinen et al., 1999; Morey, 1999; Zureik et al., 2002) . Among the suspected causative bacterial agents are the endotoxins (lipopolysaccharides, LPS), which constitute part of the outer membrane of Gram-negative bacteria. Inhalation of endotoxins can cause inflammation of mucous membranes and increase airway responsiveness in asthmatic subjects, and research has shown that levels of endotoxin in the domestic environment are positively correlated with the severity of asthma (Michel et al., 1996) . Furthermore, in a newly published study, Huttunen et al. (2003) examined several bacterial and fungal species that are considered to be important in indoor environments, and they found that most of the bacteria (both Gram-positive and Gram-negative) were more powerful than the fungi at inducing production of proinflammatory mediators in human and mouse macrophages and human lung epithelial cells.
However, in recent years, scientists have also suggested that exposure to microorganisms at an early age may protect against allergies (Braun-Fahrla¨nder et al., 2002) . Hesselmar et al. (1999) found that both contact with pets during the first year of life and an increasing number of siblings were associated with a lower prevalence of allergic rhinitis and asthma in school children. Moreover, other investigators (Braun-Fahrla¨nder et al., 1999; Riedler et al., 2000; von Ehrenstein et al., 2000) have reported that children living on farms have a lower incidence of hayfever, asthma, and atopy compared to children in nonfarming families.
A prerequisite for meaningful research in this area is that adequate methods are available for measuring the microbial load in indoor environments. Culture is commonly applied, although this method detects less than 10% of the total number of microorganisms that are present in our surroundings. In addition, culture results are affected by the growth medium used, as well as the incubation conditions (White, 1983) . Nucleic acid methods, such as the polymerase chain reaction (PCR), are promising alternatives that will no doubt be widely used in the future, but as yet have not been employed to characterize indoor environments with regard to both viable and nonviable microorganisms.
In light of the situation described above, we have been working for several years to develop and apply an alternative, analytical-chemical approach that is referred to as the chemical marker concept. The focus is to quantify and characterize the total microbial flora (i.e., live and dead cells, as well as cellular debris) present in complex matrices. Lipid A is a component of LPS that contains 3-hydroxy fatty acids (3-OH FAs) (Wilkinson, 1988) , which can serve as chemical markers to measure total LPS. Similarly, muramic acid (a unique peptidoglycan component) is used to measure peptidoglycan and bacterial biomass, whereas ergosterol represents a marker of fungal biomass. We have previously applied this type of analysis to characterize the microbiological community in indoor environments (Saraf et al., 1997 (Saraf et al., , 1999 Bal and Larsson, 2000; Hines et al., 2000) .
Our objective in the present study was to use chemical marker analysis to characterize the microbial exposure in schools in a subtropical country (Jordan) and in eastern and northern Europe (Poland and Sweden, respectively). We analyzed dust samples that we collected in the schools during both summer and winter, as well as in rural and urban environments.
Methods

Dust Samples
We sampled airborne dust in schools in Jordan, Poland, and Sweden. Two schools were chosen in each of the countries: one in a city, and the other in a rural environment (a village). In Jordan, 30-35 students (10-15 years old) used individual classrooms, and each room was 20-40 m Passive dust sampling was carried out on horizontal plexiglass plates (0.5 m Â 0.5 m) hanging from the ceiling (0.5 m from the ceiling, 2.0-2.5 m from the floor) for 4 weeks in four different rooms in each school. In addition, one plate was placed immediately outside each school building (2.0-2.5 m from the ground) for weekly collection of outdoor dust samples. A rubber scraper was used to collect the dust from the plates. Dust from one-third of each plate was analyzed for ergosterol, and dust from the remaining two-thirds was analyzed for 3-OH FAs and muramic acid. The samples were stored in a deep freezer pending chemical manipulations and analysis.
Sample Preparation and Analysis
Ergosterol was determined according to Saraf et al. (1999) . Briefly, dust (7-10 mg) was heated in 1 ml of 10% methanolic KOH (801C, 90 min). After cooling, 5 ml of dehydrocholesterol (internal standard, 20 ng/ml; Sigma, St. Louis, MO, USA) was added, and the preparation was purified using a disposable silica gel column and then subjected to trimethylsilyl (TMS) derivatization and GC-MS/MS analysis.
Muramic acid and 3-OH FAs were determined according to Bal and Larsson (2000) and Saraf et al. (1999) . In short, samples (4-10 mg) were heated in 1 ml of 2 M methanolic HCl (851C, 18 h). After cooling, 30 ml of internal standard (cyanobacteria hydrolyzed in 2 M methanolic HCl, final concentration 1 mg/ml methanol) was added. Preparations were extracted twice with 1 ml of heptane, after which the upper phase was analyzed for 3-OH FAs (as methyl ester/ TMS derivatives) and the lower phase was analyzed for muramic acid (as a methyl ester O-methyl acetate derivative). LPS was quantified by summarizing the number of moles of the 3-OH FAs and dividing by four (Saraf et al., 1997) .
Statistical Analysis
All data were analyzed by SPSS for Windows 11.5. (SPSS Inc., Chicago, IL, USA). The comparisons of the three countries were made by one-way analysis of variance (ANOVA), and the results obtained were further analyzed by Tukey multiple range tests. The comparisons of city and village samples, and of indoor and outdoor samples, were made using two-tailed Student's t-test. The comparisons of summer and winter samples were analyzed by paired t-test. When the data exhibited a skewed distribution, we performed log 10 or square-root transformations of the basic variables before the statistical analysis. Nonparametric test (MannWhitney) was applied when the data transformations failed to achieve near-normal distribution. Statistical significance was defined as Pp0.05.
Results
Marker Concentrations in the Dust Samples
We were able to detect all of the studied markers (ergosterol, muramic acid, and 3-OH FAs) in all of the analyzed samples (Table 1) . The LPS concentrations varied between 13.1 and 66.5 pmol/mg dust, the muramic acid levels ranged from 8.1 to 115 ng/mg dust, and the ergosterol concentrations varied from 359 to 37219 pg/mg dust.
Outdoors/Indoors
The concentrations of ergosterol were always higher in outdoor dust than in indoor dust, except in the Jordan/ summer/village samples. The differences were statistically significant for the Jordan/summer/city and Poland/summer/ village samples, and for all samples from Sweden.
The concentrations of muramic acid were also higher in outdoor than in indoor dust, except in the Jordan/summer/ city and Sweden/summer samples. The differences were statistically significant only for the Sweden/winter/village samples.
The patterns of LPS concentrations varied. In Jordan, the LPS levels were higher indoors than outdoors (except in the winter/city samples), whereas the reverse was found in Poland (except when considering summer/city samples) and Sweden (except for winter/city samples). However, only the differences for Jordan/summer and Jordan/winter/village were statistically significant. We also found significant differences for several of the individual 3-OH FAs (Tables  1 and 2 ).
City/Village
Ergosterol concentrations were higher in rural than in urban samples, with the exception of Jordan/summer/outdoors and Poland/summer/indoors. The differences were statistically significant for the winter/indoor samples from all three countries and for the summer/outdoor samples from Jordan.
Muramic acid concentrations were also higher in dust from the village schools than in that from the city schools, except for the Jordan/summer/indoor and Jordan/winter/outdoor samples. The observed differences were statistically significant for Jordan/summer/indoors and Sweden/outdoors.
In Poland and Sweden, LPS concentrations were higher in dust from the rural schools than in that from the urban schools (except for Sweden/summer/outdoors), whereas in Jordan there were higher levels of LPS in the urban samples than in the rural samples (except for winter/indoors). These differences were statistically significant only for Sweden/ winter/outdoors (Tables 1 and 3) .
Summer/Winter
The concentrations of ergosterol in indoor dust were higher in summer than in winter for both Poland and Sweden, whereas the opposite was true for Jordan. Outdoor samples were richer in ergosterol in winter than in summer, except in the urban samples from Jordan and Poland. The differences were statistically significant for Jordan/village/indoors, Poland/city/indoors, Sweden/city/indoors, and Sweden/village/ outdoors. The data represent ergosterol (pg), muramic acid (ng), and LPS (pmol) values per milligram of dust and are given as means7SD of four samples, except where marked *(indicating that only three samples were available) or # (only one sample analyzed).
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The concentrations of muramic acid were higher in summer than in winter, except for Jordan/outdoors and Sweden/village/outdoors. The differences for Jordan/city/ indoors and Sweden/village/outdoors were statistically significant.
LPS concentrations in the indoor samples were higher during summer than in winter, except for Jordan/village and Sweden/village. The levels of LPS in the outdoor samples were highest during winter, except for Poland/village and Sweden/city. None of these differences were statistically significant (Tables 1 and 4) .
Comparison of the Three Countries
The indoor ergosterol concentrations during summer at the rural sites were highest in Poland, followed by Sweden and Jordan; the corresponding values for the urban sites were highest in Sweden, followed by Poland and Jordan. The differences between Jordan/Poland and Jordan/Sweden were statistically significant. In winter, ergosterol concentrations were highest in Sweden, and the city/ergosterol values for Sweden differed significantly from those for Poland and Jordan. Outdoor samples from both Poland and Sweden were much richer in ergosterol than corresponding samples from Jordan.
In summer, muramic acid concentrations were significantly higher in outdoor samples from Poland than in all samples from Sweden and Jordan.
In winter, indoor LPS concentrations were higher in Jordan than in Poland and Sweden, but only the difference between Jordan and Poland was significant (Tables 1 and 5 ).
The distribution of the individual 3-OH FAs in dust from the three studied countries is illustrated in Figure 1 . The indoor dust from Jordan, compared to the corresponding Tables 1 and 2 . Nonsignificant results are excluded.
samples from both Sweden and Poland, contained much higher levels of 3-OH FAs of 10, 12, and 14 carbon chain lengths relative to such acids of 16 and 18 carbons, and these results indicate considerable differences in the populations of Gram-negative bacteria. In Jordan and Poland, the 3-OH FA patterns were similar indoors and outdoors, whereas in Sweden the outdoor samples contained relatively more 3-OH C12:0 than the indoor samples did.
Discussion
Results published in the literature suggest that our well-being is affected by exposure to the microorganisms in our surroundings. However, we are far from understanding the seemingly very complex interactions between microbes and humans and the health implications thereof, and there is little epidemiological evidence to clearly link specific diseases with specific microbial exposure. One explanation for this lack of data appears to be that, until recently, it has been very difficult to study nonculturable microorganisms (which usually greatly outnumber culturable microorganisms in indoor environments; see White, 1983) . However, like culturable microbes, the nonculturable (and nonviable) counterparts contain a range of toxins and other biologically active compounds. Peptidoglycan (present in almost all Tables 1 and 2 bacteria) and LPS (found only in Gram-negative bacteria) are two prominent components of the bacterial cell wall. Studies have shown that peptidoglycan is toxic to hamster tracheal epithelium in vitro (Cookson et al., 1989) , and this macromolecule also induces reactions that are equivalent to most of the major signs and symptoms associated with bacterial infections, such as fever, leukocytosis, acute-phase responses, and lymphocyte activation (Hauschildt and Kleine, 1995) . Furthermore, Zhiping et al. (1996) found that the levels of muramic acid (used as a marker of peptidoglycan) in swine-house dust were correlated with granulocyte counts and body temperature in humans who inhaled the dust. Other investigators have reported that dusty indoor environments in schools are associated with adverse health effects (Smedje and Norba¨ck, 2001 ) and that elevated levels of endotoxin in household surroundings are connected with increased severity of asthma (Michel et al., 1996) . Park et al. (2001) observed that endotoxin exposure in the home may independently increase the risk of wheezing in infants, although these results were not substantiated in a later study conducted by Braun-Fahrla¨nder et al. (2002) . Likewise, Zureik et al. (2002) found that sensitization to molds is a risk factor for asthma in adults, whereas Roponen et al. (2002) reported that exposure to molds does not always result in inflammatory responses in the airways, and they suggested that such reactions might be species dependent.
Epidemiological data accrued in recent years indicate that contact between children during critical stages of development of the immune system may contribute to an immunological profile that protects against allergies (Hesselmar et al., 1999) . Moreover, children raised in rural areas have been found to exhibit fewer allergic symptoms than children growing up in cities (von Ehrenstein et al., 2000) . The most accepted explanation for this phenomenon is that early exposure to endotoxins enhances Th1 immunity, which in turn inhibits Th2 immunity, which is involved in allergic disease (McGuirk and Mills, 2002) . It has been found that the prevalence of asthma is lower in developing than in industrialized countries (Cookson, 1987) , and it is associated with several factors in the home environment (Mohamed et al., 1995) .
Work in our laboratory has long been focused on developing methods that are based on the concept of chemical marker analysis and can be used to characterize the microbial community in indoor environments (including viable and nonviable microorganisms and cellular debris). With modern MS equipment, detection limits for the chemical markers are in the picogram range. Our previous studies were conducted in the Western hemisphere, more precisely in the United States (Saraf et al., 1997; Hines et al., 2000) and Sweden (Saraf et al., 1999) , and we found that the relative amounts of the different 3-OH FAs in indoor environments varied to some extent depending on the type and location of the sampling sites in the building, which reflects dissimilarities in the species composition of Gramnegative bacteria. In comparison, the marker profiles found in the present study differed much more dramatically. For example, compared to the dust from Sweden and Poland, the samples from Jordan contained substantially lower levels of ergosterol (per milligram of dust) and considerably larger relative amounts of the shorter-chain 3-OH FAs compared with the longer-chain 3-OH FAs. Notably, the shorter 3-OH FAs correlate better with bioactivity (Limulus assay) than the longer 3-OH FAs do (Saraf et al., 1997) . The wide variation that we observed in levels of microbial markers in the present dust samples may have been due to climatic factors, for example temperature and humidity, and also to differences, for example, in aspects such as the way the school buildings were constructed, cleaned, and ventilated, as well as the number of children active in the studied rooms and the lifestyles in the three countries. Taken together, our results indicate that the children in the studied schools are exposed to highly different microbial communities. Further research is needed to explain how the indoor exposure to microorganisms F as indicated by patterns of analyzed microbial markers F affects our health and quality of life.
